In vivo water-and fat-suppressed 
In vivo water-and fat-suppressed 1 H magnetic resonance spectroscopy (MRS) and 31 P magnetic resonance adiabatic multi-echo spectroscopic imaging were performed at 7 T in duplicate in healthy fibroglandular breast tissue of a group of eight volunteers. The transverse relaxation times of 31 P metabolites were determined, and the reproducibility of 1 Cell membrane metabolism can be monitored in vivo by proton ( 1 H) and phosphorus ( 31 P) magnetic resonance spectroscopy (MRS), which may be used clinically for cancer diagnosis and treatment monitoring. 5 Unfortunately, the spectral resolution of in vivo 1 H spectroscopy is not sufficient to show the individual PME and PDE [27] [28] [29] [30] In this study, we compare state-of-the-art 1 H MRS, incorporating all of the techniques mentioned, with AMESING an average heart rate of 60 beats/min was 6 min and 12 s. 1 H spectra at the four different TEs were phased and frequency aligned on the residual water signal, and averaged subsequently. The averaged spectra from the even scans were subtracted from the averaged odd scans in order to obtain the tChol signal. The quantification of tChol was based on a comparison with the reference water scan of the same voxel volume. Longitudinal and transverse relaxation times of water at 7 T were taken from Haddadin et al, 9 and were 2.27 s and 36 ms, respectively. For tChol, the T 1 value was taken to be equal to that of water and a T 2 value of 200 ms was assumed (see Discussion).
| T 2 analyses of 31 P metabolites
Metabolite T 2 values were determined based on the weighted averaged group spectra (one FID and five echoes) of the eight volunteers. Each volunteer was measured twice, and so the group-averaged FID is the Pi-weighted average of 16 FID spectra. Weighted averaging was chosen to maximize SNR of the group spectra. Likewise, the group-averaged echo spectra were also weighted with the Pi intensity of the FID. Weighted averaged spectra were subsequently spectrally fitted for PE, PC, Pi, GPC + GPtE, GPtC, PCr, γ-NTP, α-NTP and NAD in JMRUI 31 with the AMARES 25 algorithm. Spectral peak areas of all metabolites in the FID and echoes were fitted mono-exponentially as a function of TE. The spectral amplitudes of PE, PC and GPC + GPtE were also fitted bi-exponentially. For the PMEs, it was assumed that, at short TE, the signal shows contributions from nucleoside monophosphate, for which a T 2 similar to that of γ-NTP was chosen.
The GPC + GPtE resonance was fitted assuming a T 2 of GPtE similar to GPtC.
| Reproducibility
All volunteers were measured twice on the same day (to minimize physiological influences) and the spectral fitting of these two datasets for each volunteer was used to calculate a standard deviation and a coefficient of variation for each metabolite in all volunteers. The standard deviation of the fitted relative peak area (with respect to the total 31 P signal) A m,n of a metabolite m in volunteer n can be written as:
where A m;n is the average of the fitted peak area of metabolite m over the two measurements of volunteer n. Subsequently, the coefficient of variation CoV in the fitted peak area of a metabolite m in volunteer n can be written as:
Analogously, we can define the average standard deviation and the average coefficient of variation for the peak area of a metabolite m over the whole group of eight volunteers as:
and
respectively. In addition, it should be noted that the peak labeled GPC + GPtE loses substantial intensity from FID to the first echo (GPtE has a short T 2 ), after which the decrease in intensity is much slower, leaving only the slowly decaying GPC signal. The short T 2 PDE signals (GPtC and GPtE) are thought to originate from highly mobile membrane phospholipids. 34, 38, 39 In the FID spectrum, there appears to be some signal between the peaks labeled PE and PC that seems to disappear in the echoes; this signal could be nucleoside monophosphate (NMP).
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The β-NTP signal could not be observed above noise level and therefore the spectra are only shown between 10 and −10 ppm. The reason for the apparent absence of the β-NTP signal in the FID spectrum may be two-fold. First, the 95% excitation bandwidth of the AHP pulse is only 1400 Hz and the transmitter offset is approximately 2500 Hz away from the β-NTP resonance. Second, the β-NTP resonance is dependent on the Mg 2+ concentration, which may be low in healthy breast fibroglandular tissue. P magnetic resonance spectra (echo spacing, 45 ms) for a group of eight healthy volunteers scanned twice. AMP, adenosine monophosphate; ATP, adenosine triphosphate; GPC, glycerophosphocholine; GPE, glycerophosphoethanolamine; GPtC, (diacyl-)glycerophospha tidylcholine; GPtE, (diacyl-)glycerophosphatidylethanolamine; PC, phosphocholine; PCr, phosphocreatine; PE, phosphoethanolamine; Pi, inorganic phosphate
The group-averaged spectra depicted in Figure 1 GPtC as for the GPtE component that we measured. An overview of the fitted T2 data is shown in Table 1 .
The relative metabolite abundances expressed as a percentage of the total 31 P signal, for this group of volunteers measured twice, as obtained from the data in Figures 1 and 2 , are: PE = 8%; AMP = 5%; Table 2 . In the case of volunteers 3 and 5, one of the two determinations gave insufficient signal to determine a tChol concentration. Spectral fitting was performed with an unconstrained line width for tChol and also with a fixed line width for tChol, equal to the line width of the water signal, whilst adding the (frequency aligned) odd and even scans (i.e. tChol cancels out and residual water and fat peaks do not).
The group-averaged tChol concentration of the data analyzed with a free line width for tChol, as well as with a fixed line width, from Table 2 is 0.54 mM (or, more precisely, mmol/kg water ). Correcting for the water content of fibroglandular tissue being approximately 60%, 41 this would reduce to 0.32 mM.
The calculated tChol concentration depends on theT 1 and T 2 values that were assumed for tChol. As these values are not known in the breast at 7 T, they had to be estimated. For the T 1 of tChol, we assumed a value similar to theT 1 of water (2.27 s) at 7 T, as tabulated by Haddadin et al. 9 For the T 2 of tChol, we assumed a value of 200 ms. Reported T 2 values of tChol in the breast at 1.5 T range between 181 and 360 ms, whereas, at 4 T, a value of 399 ± 133 ms was measured, as reviewed by Haddadin et al. 9 A value of 178 ± 28 ms for tChol was measured at 9.4 T in rat brain. 42 Therefore, a value in the range 150-250 ms for T 2 of tChol at 7 T seems plausible. A value of T 2 = 150 ms for tChol would lead to approximately 30% higher tChol concentrations than at The interpretation of the relative errors depicted in Figure 3 should also take into consideration the difference in voxel sizes used for 31 P and 1 H spectroscopy. Here, we used 4 × 2 × 4 cm 3 (nominal GPC, glycerophosphocholine; GPtC, (diacyl-)glycerophosphatidylcholine; GPtE, (diacyl-)glycerophosphatidylethanolamine; NMP, nucleoside monophosphate; NTP, nucleoside triphosphate; PC, phosphocholine; PE, phosphoethanolamine; Pi, inorganic phosphate. Although the noise level is expected to be the same in all 31 P acquisitions, the noise pattern of the 31 P spectrum in the top right of Figure 5 seems to include a higher spectral noise density than in the remaining spectra. This may be caused by truncation artifacts as a result of the relatively short acquisition window of 16 ms of FID acquisition, which affects the spectral region most strongly around sharp and high-intensity peaks. H semi-LASER magnetic resonance spectroscopy in a volunteer, the inner square is the selected voxel. Top row, first measurement series. Bottom row, voxel placement for second measurement series TABLE 2 Total choline (tChol) concentration of fibroglandular tissue of a group of eight healthy volunteers. Data are calculated as choline, i.e. assuming that all signal between 3.1 and 3.3 ppm is choline based (nine protons). T 1 and T 2 values for water were taken from Haddadin et al. 9 Errors are based on Cramer-Rao lower bounds from JMRUI.
Analyses were performed with a free line width for tChol and with a fixed line width equal to the line width of the water signal Estimates of the average PME and PDE concentrations in healthy fibroglandular tissue based on a combination of 31 P and 1 H MRS, using the 31 P data shown in Figures 1 and 2 , and the average tChol value of 
